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ABSTRACT 
Polycrystalline samples of Fe2BiMO7 (M = Sb, Ta) compounds with pyrochlore-type 
structure were synthesized for the first time by the molten salts method. The compounds 
were obtained in one hour at 950ºC. The structures were determined by Rietveld 
refinement. Through Mössbauer spectroscopy and X-ray photoelectron spectroscopy, the 
site occupancies and ionic states of the cations in the pyrochlore structure were 
investigated. 
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1. INTRODUCTION 
Synthesis by the molten salts method represents an alternative route to the typical solid-
state reaction to obtain ceramic powders. The molten salts synthesis uses a low melting 
point, water-soluble salts as a reaction medium that enhances the mobility of the powder 
oxide reactants, promoting the rapid diffusion at relatively low temperatures. This fact 
allows achieving the formation of ceramic products in relatively short times respect to the 
solid-state reaction synthesis [1, 2]. 
 
Pyrochlore type structure compounds have been subject of interest in the latest years 
because they possess many types of interesting properties. Some pyrochlores, like 
Yb2Ti2O7, have useful applications for immobilization of lanthanides and actinides from 
nuclear fuel reprocessing [3]. Also, their photocatalytic properties with applications on 
hydrogen production and wastewater decontamination have been investigated [4, 5].  A 
typical pyrochlore compound has the general formula A2B2O7 with a cubic structure 
belonging to the space group Fd-3m (No 227), where the A cation is eight-coordinated, 
and the B cation is six-coordinated [6]. ¿eight-fold coordination? 
 
Several bismuth iron antimony pyrochlores have been reported in past years. However, 
previous attempts present hematite (α-Fe2O3) and iron antimonate (FeSbO4) as secondary 
phases, because these are inherent phases formed in the solid-state reaction. We introduce 
an alternative method of synthesis, which allows us a considerable time saving, with no 
intermediate reagent compound [7, 8]. This paper presents the synthesis of Fe2BiMO7 (M 
= Sb, Ta) compounds with pyrochlore-type structure by the molten salts method and their 
characterization with X-ray powder diffraction together with cation site occupancies 
investigation via Mössbauer Spectroscopy and X-ray photoelectron spectroscopy (XPS). 
 
2. MATERIALS AND METHODS 
Polycrystalline samples of Fe2BiMO7 (M = Sb, Ta) were synthesized by the molten salt 
method. The precursors were Fe2O3 (Sigma-Aldrich >99%), Ta2O5 (Sigma-Aldrich 
99.99%), Sb2O5 (Sigma-Aldrich 99.995%), Bi2O3 (Sigma-Aldrich 99.99%) and a mixture 
of salts NaCl-KCl (1:1) (Sigma-Aldrich 99.9%) in a 4:1 molar proportion respect to oxide 
powder reactants for M = Sb and 5:1 molar proportion for M = Ta. In the reaction, the 
salts were first mixed in an agate mortar until a fine homogeneous powder was attained. 
The same procedure was followed for the precursor reactants and then both powders were 
mixed and heated at 950 °C for 1 hour. The product obtained was washed and stirred in 
distilled deionized water for 3 hours to remove the salts. Then it was filtered in a 
Nalgene® system using a 0.22μm Millipore® filter.  
A first rapid X-ray scan suggested an incomplete reaction (Section 3.1), so a final wash 
of the samples was done with HCl (J.T. Baker at 36%) diluted at 28% at 60ºC for two 
hours to eliminate the remaining iron oxide phase [9]. The X-ray diffraction patterns were 
measured at room temperature using a Siemens (D5000) diffractometer with Co Kα 
radiation and a Fe filter in 0.02° steps from 10° to 120°. The X-ray spectra were refined 
with the Rietveld program MAUD [10].  
The room temperature Mössbauer spectra were recorder with a constant acceleration 
spectrometer, using thin absorbers (20 mg/cm2) made with the obtained powders and 
using a 25 mCi 57Co source in a rhodium matrix. All the Mössbauer spectra were fitted 
with the Recoil 1.05 software [11].  
X-ray photoelectron spectroscopy (XPS) measurements were performed in an ultra-high 
vacuum (UHV) system Scanning XPS microprobe PHI 5000 Versa Probe II, with an Al 
Kα X-ray source (h= 1486.6 eV), and an MCD analyzer. The surface of the samples was 
etched for 10 to 30 minutes with 2.0 kV Ar+. The XPS spectra were obtained at 45o to the 
normal surface in the constant pass energy mode, E0 = 100 eV (surface survey) and 10 
eV (high-resolution narrow scan). Deconvolution adjustment for the XPS spectra was 
made by a least square process with the Spectral Data Processor software [12]. 
 
3. RESULTS 
 
3.1 X-ray diffraction and Rietveld refinement  
Figure 1 shows the X-ray diffraction patterns of Fe2BiSbO7 and Fe2BiTaO7 synthesized 
by the molten salt method, before (figures 1. a and 1. c) and after washed with HCl 
(figures 1. b and 1. d). As can be noted, the reflections related to α-Fe2O3 phase clearly 
diminished after the HCl washing prosses. According to Rietveld analysis results, 20% 
of α-Fe2O3 and a 15% of α-Fe2O3 were present in the pristine Fe2BiSbO7 and Fe2BiTaO7 
samples (Table I). 
 
 Figure 1. Rietveld analysis of the Fe2BiSbO7 and Fe2BiTaO7.  
1a) and 1c) before washing with HCl. Pyrochlore phase and iron oxide (hematite) 
are observed 
1b) and 1.d) after washing with HCl. Pure pyrochlore phase is observed.  
 
For both synthesized samples, the A(16d) site occupancy was about 20%. In the 
Fe2BiSbO7 compound, iron cations occupy the A(16d) site, and in the Fe2BiTaO7 sample, 
the A(16d) site are occupied by the tantalum cations (table II), in good agreement with 
the peak intensity adjustment. These results match well with those previously reported 
[7, 8]. It seems that the only effect of washing with HCl is to remove the unreacted Fe2O3 
living a pure pyrochlore compound phase. 
 
 
Table I. Rietveld refinement parameters of samples not washed with HCl and those who 
received an HCl treatment.  
Lattice 
parameter 
Fe2BiSbO7 Fe2BiSbO7 + HCl Fe2BiTaO7 Fe2BiTaO7 + HCl 
a (Å) 10.4077(5) 10.4016(3) 10.4927(1) 10.4918(1) 
% of phase 80 100 85 100 
Fe2O3 20 - 15 - 
χ2 2.05 1.65 1.37 1.75 
 
a) b)
c) d)
Fe2BiSbO7 Fe2BiSbO7
Fe2BiTaO7 Fe2BiTaO7
Table II. Structure parameters from the Rietveld refinement analysis for 
Fe2BiSbO7/Fe2BiTaO7 samples after HCl treatment. 
Site 
 
x 
 
y z 
Occupancy 
Fe2BiSbO7 
Occupancy 
Fe2BiTaO7 
A(16d) 0.5 0.5 0.5 
0.5 (Bi) 0.50 (Bi) 
0.16 (Fe) 0.20 (Ta) 
B(16c) 0 0 0 
0.36 (Sb) 0.30 (Ta) 
0.64 (Fe) 0.70 (Fe) 
O(48f) 0.343(1)/0.329(9) 0.125 0.125 1.00 1.00 
O(8b) 0.375 0.375 0.375 1.00 1.00 
Bond length Fe2BiSbO7 (Å) Fe2BiTaO7 (Å) 
A(16d)-O(48f) 2.4567 2.5761 
A(16d)-O(8b) 2.2521 2.2715 
B(16c)-O(48f) 2.0796 2.0341 
 
 
Figure 2. Crystal structure representation, from Rietveld refinement parameters, for 
the coordination around A(16d) and B(16c) cation sites. 
 
 
 
 
3.2 Mössbauer spectroscopy 
 
Figures 3. a) and 4. a) displays the Mössbauer spectra associated with the Fe2BiSbO7 and 
Fe2BiTaO7 samples, before HCl wash treatment. The Mössbauer spectrum of Fe2BiSbO7 
consists of a sextet and two doublets, figure 3a). The sextet was fitted with an isomer shift 
(δ) of 0.37 mm/s, with a quadrupole splitting (ΔQ) of 0.10 mm/s and a magnetic field 
magnitude (H) of 51.41 T, corresponding to α-Fe2O3, notwithstanding the 1% difference 
respect to reported value of 51.5 T [13], in accordance with the X-ray diffraction pattern 
that shows hematite phase. The presence of the two doublets in Fe2BiSbO7 sample leads 
us to conclude that iron cations occupy two non-equivalent positions inside the 
pyrochlore structure.  
Doublet 1 was fitted with an δ = 0.34 mm/s and a ΔQ = 0.48 mm/s and a population of 
around 80%, associated with the B(16c) site while the doublet 2 was fitted with a δ = 0.34 
mm/s, a ΔQ = 2.11 mm/s and an approximated population of 20%, related with the A(16d) 
site (table III). 
The Fe2BiTaO7 sample, figure 4. a), also displays a sextet but only one doublet was 
observed. The sextet was fitted with δ = 0.36 mm/s and ΔQ = 0.1 mm/s with a magnetic 
field magnitude H = 51.36 T, again associated with α-Fe2O3. The doublet was fitted with 
δ =0.37 mm/s and ΔQ =0.53 mm/s associated to the B(16c) site in the pyrochlore structure 
[14-17]. 
 
Figures 3 b) and 4 b) display the Mössbauer spectra of the HCl washed samples. The 
Mössbauer spectrum of Fe2BiSbO7 was fitted considering the contribution of two 
doublets. The doublet 1 parameters, related with the B(16c) site in the pyrochlore 
structure, are  = 0.37 mm/s and Q = 0.47 mm/s, indicative of FeIII in low spin 
configuration. Doublet 2 was fitted with δ = 0.31 mm/s and ΔQ = 2.32 mm/s. The unusual 
eight-coordination of iron in a distorted cube in the A(16d) site of this compound is 
responsible for the high value of the quadrupole splitting. The obtained values of the 
Mössbauer hyperfine parameter indicate FeIII ions in a high spin configuration [18].  
The Mössbauer spectrum for Fe2BiTaO7 sample was fitted considering a single doublet, 
associated to the B(16c) site in the pyrochlore structure, with  = 0.36 mm/s and ΔQ =0.52 
mm/s. The occurrence of only one doublet indicates that the iron cations do not occupancy 
the A(16c) site, in accordance with the results are consistent with the Rietveld refinement 
analysis. The fact that the quadrupole splitting value for the Fe2BiTaO7 compound (ΔQ 
=0.52 mm/s) is slightly greater than Fe2BiSbO7 (ΔQ =0.47 mm/s) suggest that the 
octahedral coordination around FeIII ions in the B(16c) site is more distorted in the 
tantalum pyrochlore promoted by more oxygen vacancies. 
 
 Table III. Mössbauer parameters (relative to α-Fe)   
Sample Element δ(mm/s) ΔQ(mm/s) H (T) % Γ(mm/s) Iron Site 
Fe2BiSbO7 
Doublet 1 
Doublet 2 
Sextet 
0.34±0.01 
0.34±0.02 
0.37±008 
0.48±0.02 
2.11±0.21 
0.1±0.007 
- 
- 
51.41±0.05 
19 
4 
77 
0.16±0.03 
0.28±0.07 
0.23±0.01 
B(16c) 
A(16d) 
α-Fe2O3 
Fe2BiTaO7 
Doublet 1 
Sextet 
0.37±0.01 
0.36±0.005 
0.53±0.02 
0.1±0.005 
- 
51.36±0.04 
20 
80 
0.18±0.01 
0.22±0.009 
B(16c) 
α-Fe2O3 
Fe2BiSbO7 
HCl 
Doublet 1 
Doublet 2 
0.37±0.02 
0.31±0.09 
0.47±0.01 
2.32±0.1 
- 
- 
84 
15 
0.16±0.01 
0.29±0.01 
B(16c) 
A(16d) 
Fe2BiTaO7 
HCl 
Doublet 1 0.36±0.01 0.52±0.02 - 100 0.16±0.02 B(16c) 
 
 
 
 Figure 3. Mössbauer spectra of Fe2BiSbO7 compound before HCl treatment (3a) and 
after washed with HCl, corresponding to a pure pyrochlore phase (3b). 
 
 
 
 Figure 4. Mössbauer spectra of Fe2BiTaO7 before HCl treatment (4a) and after washed 
with HCl, corresponding to a pure pyrochlore phase (4b). 
 
 
3.3 X-ray photoelectron spectroscopy 
 
To determine the valence state of ions in the Fe2BiSbO7 and Fe2BiSbO7 
pyrochlore compounds, room temperature X-ray photoelectron spectroscopy studies were 
performed. Figure 5 shows the X-ray photoelectron spectroscopy survey spectra from 0 
to 750 eV after 30 minutes of Ar+ etching the polycrystalline Fe2BiSbO7 – HCl and 
Fe2BiTaO7 – HCl samples. The core level energies associated with Fe, Bi, Sb, Ta and O 
elements are identified. Five regions related with Fe 2p, Bi 4f, Sb 4d, Ta 4f of the survey 
XPS spectra for both Fe2BiSbO7 and Fe2BiSbO7 compounds were analyzed. Figure 6 
shows the deconvolution of the high-resolution XPS spectra for the Fe 2p core level. The 
XPS spectra comprise a simple spin-orbit split doublet with narrow, symmetric 
components in which energy split is about 13.2 eV. The detailed shape of the signal is 
fitted assuming the contribution of four components belonging to two different chemical 
states of the Fe.  
 
 Figure 5. Survey X-ray photoelectron spectroscopy for the Fe2BiSbO7 (red) and 
Fe2BiTaO7 (blue) compounds. 
 
A time dependent increasing rate reduction of Fe3+ cations to Fe2+ cations is 
observed as a consequence of cleaning the surface sample with Ar+ bombardment in the 
Fe2BiTaO7 compound, in a time interval from 10 minutes to 30 minutes, as has been 
previously reported when Argon etching in compounds containing iron oxides is involved 
[19]. Noticeable, in the same time interval of Ar+ etching there is no reduction of the Fe3+ 
cations in the Fe2BiSbO7 compound. For the samples measured for the 30 minutes under 
Ar+ etching, the Fe 2p1/2 and Fe 2p3/2 core levels binding energies are localized at 722.00 
eV, 708.68 eV for the Fe2BiTaO7 compound and 721.98 eV, 708.46 eV for the Fe2BiSO7 
compound, respectively. All results are in the range of the reported values for elemental 
Fe3+ (NIST XPS database) [20]. 
 
 
 
 
 
 
  
Figure 6. XPS spectrum at the region of iron Fe 2p. A reduction ofFe3+  
to Fe2+, due to Ar+ ion etching for the Fe2BiTaO7 pyrochlore, is observed.  
 
High-resolution XPS spectra for the Bi4f core level are shown in figure 7. In the 
Fe2BiTaO7 compound, the features at 163.03 eV and 157.72eV correspond to the Bi4f5/2 
and Bi4f7/2 core levels, whose energies differ by 5.31 eV [21], The other two features, 
located at 161.3 eV and 156.9 eV, correspond to the same core levels, but then in metallic 
Bi. For the Fe2BiSbO7 compound, the corresponding core levels energies 0.7 eV chemical 
shift to lowers energies: 162.33 eV and 157.02 eV, and 160.2 eV and 154.9 eV, 
respectively (see Table IV). The Bi4f metallic response observed is related to some 
bismuth reduction caused by the argon ion (Ar+) sputtering, as reported before [21-23]. 
 
 Figure 7. Bi 4f core level region for both compounds. A chemical shift of 0.7 eV was 
observed. 
 
Figure 8a) shows, for the Fe2BiSbO7 compound, the contributions of O2s (22.04 
eV), of Bi5d metal (25.01 eV, in concordance with bismuth degradation), of the Bi5d3/2 
(27.15 eV) and Bi5d5/2 (24.06 eV) doublet, with a binding energy separation of 3.09 eV, 
and an interesting asymmetric feature associated with Sb4d. In order to attain a reasonable 
fitting for this last feature, two unresolved peaks are necessary: one for Sb4d3/2 and the 
other one for Sb4d5/2. It seems that antimony inside Fe2BiSbO7 pyrochlore structure acts 
with a 5+ and 3+ mixed valence [24-26].  
Figure 8b) shows, for the Fe2BiTaO7 compound, the tantalum core level regions 
Ta4f5/2 (26.67 eV) and Ta4f7/2 (24.73 eV) with a doublet binding energy separation of 
1.94 eV. Other contributions correspond to O2s (22.55 eV), Bi5d3/2 metal (24.38 eV) and 
Bi5d5/2 metal (21.51 eV), again in good agreement with bismuth degradation; structural  
Bi5d3/2 (26.29 eV) and Bi5d5/2 (23.17 eV) doublet, with a binding energy doublet 
separation of 3.12 eV. As can be expected, the bismuth and tantalum core level 
contributions overlap [20, 27]. 
 
 
  
Figure 8. a) Sb4d core level region: a mixed valence Sb5+-Sb3+ state contribution is 
observed. b) Ta 4f region: an overlapping contribution from bismuth 5d core level is 
observed. Inset: the circle region shows the absence of the typically metallic tantalum 
loss feature region. 
 
Table IV. XPS core level binding energies of both pyrochlores 
exposed to 30 minutes of Ar+ ion bombardment. 
Core level region BE (eV) ∆𝐸 (eV) BE (eV) ∆𝐸 (eV) 
 Fe2BiTaO7 Fe2BiSbO7 
Fe 2p1/2 722.00 
13.32 
721.98 
13.52 
Fe 2p3/2 708.68 708.46 
Fe(II) 2p1/2 718.57 
13.28 - - 
Fe(II) 2p3/2 705.29 
Bi 4f5/2 163.03 
5.31 
162.33 
5.31 
Bi 4f7/2 157.72 157.02 
Ta 4f5/2 26.67 
1.94 
- 
- 
Ta 4f7/2 24.73 - 
Sb 4d(5+) - 
- 
33.38 
1.20 
Sb 4d(3+) - 32.18 
O 2s 22.55 - 22.04 - 
Bi 5d3/2 26.29 
3.12 
27.15 
3.09 
Bi 5d5/2 23.17 24.06 
 
 
4. DISCUSSION 
 
Rietveld refinement analysis together with Mössbauer spectroscopy make clear that in 
the Fe2BiSbO7 compound the Fe
3+ cations can occupy both the A(16d) or the B(16c) non-
equivalent crystallographic sites. In consequence, the Mössbauer spectrum (figure 3b) 
consists of two doublets. Both doublets have the same isomer shift , so their valence 
state is the same, but the quadrupole splitting value of the one associated with the A(16d) 
is about five times bigger than the one associated with the B(16d). The relative 
quadrupole difference between the two sites is indirectly associated with the symmetry 
of their surroundings: smaller values indicate higher symmetry; that is, the symmetry 
around the A(16d) site must be much lower than the one around the B(16c) site. The 
populations are 84 % for the B(16c) and only 15 % for the A(16d). The cubic geometry 
for 8 coordination is the less stable, so a small fraction of Fe3+ ions in high spin 
configuration [18] in the B(16c) sites can severely distort the cube, because its smaller 
ionic radius, lowering its symmetry. The single doublet in the Mössbauer spectrum 
(figure 4b) in the Fe2BiTaO7 compound indicates that the Fe
3+ cations only occupy the 
B(16c) crystallographic site. Moreover, Rietveld refinement suggests the presence of Ta5+ 
cations in both crystallographic sites the A(16d) and the B(16c). In such a case, the 
occupying facility must be associated with the relative size of competing cations.  
X-ray photoelectron spectroscopy establish the oxidation states that the different cations 
forming both pyrochlores compounds can acquire: Fe3+, Bi3+, Ta5+, O2-, Sb3+ - Sb5+. 
The chemical shift between Fe2BiTaO7 and Fe2BiSbO7 for similar core level regions is 
due to the ~ 0.04 smaller ionic radius of Ta respect to the corresponding radius of Sb, 
slightly affecting the core level energies values, and is not related to the oxidation state 
of Sb and Ta. Moreover, the isomeric shift measured in the Mössbauer spectra of the 
compounds is the same. Remembering that the isomer shift in Mössbauer spectroscopy 
is a measure of the electronic density at the nucleus (s and p½ electrons), associated 
indirectly to the oxidation state, there is no discrepancy between the XPS and Mössbauer 
measurements.  
 
5. CONCLUSION 
 
Pyrochlore type compounds Fe2BiSbO7 and Fe2BiTaO7 where synthesized for the first 
time by molten salts method at 950ºC in just one hour of heat treatment. Rietveld 
refinement, Mössbauer spectroscopy, and XPS spectroscopy lead us to clarify the cation 
behavior inside the two different pyrochlore compounds. In one case, for the Fe2BiSbO7, 
the impossibility of the Sb cations of being eight coordinated promotes that Fe3+ cations 
in high spin state partially occupying the A(16d) site in the crystal structure but at the 
same time this complex cation occupancy promotes a mixed oxidation state for the Sb 
cations in the pyrochlore structure. Meanwhile for the Fe2BiTaO7 pyrochlore the fact that 
Ta5+ could be eight coordinated permits that this kind of cations partially occupies the 
A(16d) sites promoting a more stable crystal configuration. 
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